Results from three-dimensional electromagnetic particle simulations of an electron-positron plasma with a relativistic electron beam (y=2) are presented. As part of the initial conditions, a poloidal magnetic field is specified, consistent with the current carried by the beam electrons. The beam undergoes pinching oscillations due to the pressure imbalance. A transverse two-stream instability is excited with large helical perturbations. In the process, background electrons and positrons are heated and accelerated up to relativistic energy levels. Only background electrons are accelerated farther along the z direction due the synergetic effects by both the damped transverse mode and the accompanying electrostatic waves caused by the breakdown of the helical perturbations. 0 1994
INTRODUCTION
It is known that magnetized relativistic electron-positron plasmas exist in the region of the pulsar magnetosphere and in active galactic nuclei (AGN). The problem with strong electromagnetic waves in electron-positron plasmas is of prime importance in understanding the emission processes in pulsars, and has been the subject of several investigations. '-5 Such electromagnetic waves are capable of driving plasma particles to relativistic energies. This energetic particle distribution may account for the periodic radiation observed in association with pulsar~.~-* It has been shown in many cases that when the field amplitudes are large, the waves suffer modulational or fllamentational instabilities,'**' and may become broken into highly localized pulses or filaments, which could be associated with observed pulsar radiation. However, all these studies are restricted to the theoretical analysis of wave propagation and linear dispersion relations. Since nonlinear effects in the magnetized relativistic plasma may play an important role in wave generation, interpretations considering only linear effects are not sufficient. Thus, we chose to do computer simulations to investigate some processes of an electron-positron plasma. In the study of a nonrelativistic electron beam in an electron-positron plasma, Zhao et aZ." has shown that bunching of the beam due to the beam instability is directly involved in the generation of Alfven waves. Alfven waves propagate along the beam as damped solitons accelerating the background particles.
Recently, relativistic electron-beam instabilities have been studied for several applications. The "electron-hose" instability was proved to be excited by a relativistic electron beam in an unmagnetized plasma.12 Intensive studies on the two-stream instability have been done, in connection with its application to a high-power relativistic klystron amplifier (RKA). [13] [14] [15] [16] In this paper, we confine ourselves to carry out numerical simulations on a relativistic electron beam in an electron-positron plasma by a three-dimensional electromagnetic particle code. '7-20 The simulation results show that a transverse two-stream instability2* (e.g., the "electronhose" instability) takes place during the beam is undergoing pinching oscillations. The particles are heated and accelerated to relativistic energies associated with the growth of the transverse two-stream instability, and only the background electrons are further accelerated by both the damped transverse mode and electrostatic waves produced by the breakdown of the helical perturbations.
II. SlMULATlON RESULTS

A. System model and parameters
The code is a three-dimensional (3-D), fully electromagnetic, and relativistic particle code. The domain is a mesh of size 85AX85AX 160h, where A(= 1) is the grid size. Feriodic boundary conditions are used for particles and fields in the z direction, while radiating boundary conditions22 are used in the x and y directions. Particles that hit these boundaries are arrested there and then reflected with a thermal velocity randomly with some portion (50%). There are 1 000 000 electron-positron pairs filling the entire domain uniformly and that keeps the domain charge neutral.
An electron beam in the z direction is specified initially in a column with radius r,,=4.47A at the center of the xy plane k,, =43, y,,=43). Within the column, half the electrons are beam electrons, while the other half are background electrons. The total number of beam electrons is IO 000. The temperature of the beam electrons is much colder than the temperature of the background electrons (T,b=0.09T,). Initially, only the beam electrons drift with ud=O.865c (c is the light velocity), corresponding to a Lorentz factor y=[l -(ud/c)2]-"2=2.
In addition to a homogeneous background magnetic field B,,, a poloidal magnetic field B, , consistent with the current density 1, carried by the beam electrons, is included initially2' with B,jB,=0.48.
Other pa- B. Excitation of a transverse two-stream instability with helical perturbations gins to undergo pinching oscillations first. After that, it is disturbed with helical perturbations. Because the initial drift velocity is very large, the current density .I, carried by the beam electrons becomes large. The poloidal magnetic field associated with the beam current causes a pressure imbalance between the inside and outside of the beam, which, in turn, drives periodical pinching of the whole beam. This pinching effect plays an important role in increasing the betatron os- beam electrons are easily transversely displaced, due to the sheared helical total magnetic energy, which is an energy source of a transverse two-stream instability ('ITSI) . This instability results in helical perturbations of the beam with a release of the perpendicular magnetic energy rapidly, as seen in Fig. 2 , showing that Bf decreases after w&= 12. The time evolution of the magnetic field component B, along the beam axis is illustrated in Fig. 3 . It is clearly seen that waves are excited after the occurrence of the instability, propagating along the beam direction. The waves own a right-hand polarization, as shown in Fig ground electrons and positrons are not only heated up to relativistic energies in the transverse directions with a maximal y about 1.1, but also accelerated in the z direction with a maximal y about 1.2. At the end of the simulation (w&=50), the distribution of u, shows no further modification, indicating that particle heating in the transverse direction mainly retains to the phase of excitation of the TTSI. Figure 7 shows snapshots of the phase space distribution of the beam electrons at w,,t=25.
One can see that velocities of the beam electrons in the z direction are characterized by the vortex turbulence, and that the beam electrons are helically bunched in the x-z space. These bunches create the electric field in the z direction, which increases.rapidly and becomes the dominant component of the electric field. Later, in the final stage, it damps out. Figure 8 shows the intensity of the charge density fluctuations for the last 256 time steps of the simulation, corresponding to the time range of 250;~' to 5ow,, ' by performing a two-dimensional Fourier transformation (one space and one time). The gray scale is logarithmic in the wave intensity, and is arbitrary. As seen in Fig. 8 , electrostatic waves are excited with a dominant frequency near the electron plasma frequency, and the primary wave- length is approximately estimated at 18A, which is in accord with the pitch of the helical perturbations. We interpret the excitation of bunching as that the helical perturbations break down, resulting in the beam electrons to be bunched along the z direction. Therefore, the excited electrostatic wave number is seemed to be set up by the TTSI. Velocity distributions of the particles inside the column in the z direction at w,,t=50 are shown in Fig. 9 . The background electrons have been further accelerated to higherenergy levels associated with a maximal y of the order of 1.86. However, the positrons are almost unaffected. The fact that the excited waves are right-hand polarized means that they are electron dominated, therefore the electrons are preferably accelerated. From Fig. 3 , it is seen that the excited transverse mode begins to damp after w&=20, while at the same time, strong electrostatic waves are excited by the bunched beam electrons. The background electrons are probably accelerated along the z direction by both the damped transverse mode and the electrostatic waves, which is the same mechanism elucidated in Ref. Il.
III. SUMMARY
We have presented simulation results of a relativistic electron beam in an electron-positron plasma using a 3-D electromagnetic particle. The beam undergoes pinching oscillations due to a pressure imbalance caused by the strong poloidal magnetic field generated initially by the electron beam. A transverse two-stream instability is excited with the helical perturbations because the pinching makes the beam electrons do large-amplitude betatron orbit, which spans the beam radius. After breakdown of the helical perturbations, the beam electrons are bunched in the z direction, accompanying excitation of the electrostatic waves. The background electrons and positrons are heated and accelerated up to relativistic energies associated with the excited transverse mode. Only the background electrons are further accelerated along the z direction by the damped transverse mode and the electrostatic waves produced by the bunched beam electrons. 
